Introduction
This paper forms part of the research undertaken by Messier-Dowty Ltd and Cardiff University to develop a 'health' monitoring system for a landing gear module for commercial and military aircraft whilst undergoing certification tests at Messier-Dowty Ltd. Currently these tests are monitored using well-known Non-Destructive Test (NDT) methods, for example dye penetrate, magnetic dye and ultrasound. NDT examinations are scheduled periodically throughout the certification test, however these methods require the landing gear module to be removed from the rig, tested and then re-installed. This form of NDT is therefore both time-consuming and costly. Another disadvantage of current NDT methods is that they only provide a snapshot image of the structure at the time of inspection and without complex calculations, the time of crack initiation cannot be estimated. Due to the types of material used in landing gear design, critical crack lengths are small and many failures occur without prior warning. These types of critical failure can be hazardous to the workforce and damage expensive equipment. Acoustic Emission (AE) offers the opportunity to monitor the landing gear continuously throughout the test period providing early warning of any possible fatigue or corrosion failure within the structure without intrusion on the test schedule. This would remove the need for the gear to be dismantled and save valuable time. Further benefits can be found by linking the AE data with the load cycle information making it possible to identify the particular load case and critical load that caused the damage.
Initial research [1] concluded that detection of fatigue crack growth in aerospace grade steel Compact Tension (CT) specimens using appropriate AE techniques to be possible. However, the size of the CT specimens presented some problems such as mounting of the sensors and wave reflections within the small plate. To further this research larger 4-point bend (SENB4) specimens were investigated to enable AE monitoring at a greater distance from the source and to use a larger linear array of AE sensors.
The previous research used a standard v-notch crack initiation site in the CT specimens. A review of past failures reported by Messier-Dowty Ltd. has revealed that a common failure location is a small radius, between 1mm and 10mm. A typical crack length is shown in Figure 1 . For this investigation a 2.2mm radius has replaced the v-notch in an attempt to simulate the fracture process most commonly experienced in the field.
This research aims to:
o Monitor fatigue crack growth utilizing Acoustic Emission (AE) techniques with time of arrival (TOA) linear location in aerospace grade steel SENB4 specimens. o Filter out background AE. o Identify AE characteristics of events emanating from crack growth. Fig. 1 . A crack emanating from small radius < 2mm.
Experimental Procedure
Specimen Details and Loading Procedure. This investigation studied the AE released by fatigue crack growth in aerospace grade steel. 4-point bend (SENB4) test specimens were designed in accordance with guidelines laid out by British Standards [2] . The initiation site was modified from a v-notch to a small radius in an effort to simulate failures experienced in the field. To further the understanding of AE signal attenuation, the specimen was extended at one end to allow a longer sensor array. These specimens allow a maximum distance from crack to sensor of 0.5m. Previous attenuation studies, not documented, on a large component of the same material have shown maximum sensor spacing to be 0.5m. The geometry and loading arrangements are shown in Figure  2 . The specimens were loaded using a 250 kN dynamic actuator governed by a Dartek 9500 control unit. Loads were applied using a sinusoidal waveform, at a load ratio of R = 0.1. Specimens were subjected to a load cycle calculated in accordance with British Standards [2] . 
Damage Assessment of Structures VI
Instrumentation. Four resonant AE sensors were placed in a linear array along the specimen as shown in Figure 3 . 2D and planar location were not considered due to the size of the sensors and geometry of the specimen. The sensors were mounted via an acoustic couplant layer of silicone grease and held in position with magnetic clamps. Sensor sensitivity was evaluated using the pencil lead fracture (PLF) technique [3] . Fig. 3 . Sensor Arrangement.
Surface wavespeed, attenuation and location were assessed by conducting PLF's at each of the sensors. The emissions were recorded at all sensors to evaluate the response. PLF's were conducted at various points between sensors to evaluate the location accuracy.
AE activity was recorded using Physical Acoustics software on a 12-channel MISTRAS system. A 50dB threshold was used on all specimens. Metal foil gauges (KRAK GAGE) [4] were used to automatically record crack growth. The gauge is a conducting layer on an electrically insulating backing and is bonded to the CT specimen using an adhesive. A constant electrical current is passed through the foil, and the resulting voltage is measured. As the crack propagates, the voltage measured across the foil increases due to increased resistance due to the crack. Both load and crack length were recorded as time-driven and hit-driven parametrics. Four specimens were tested until a crack greater than 6 mm had developed.
Results and Discussion
Response of the sensors to the PLF's was above 98dB. This demonstrates that all sensors were mounted correctly. The arrival times and amplitude response from the wavespeed and attenuation assessment allowed the wavespeed and attenuation to be calculated. Figure 4 shows the attenuation along the length of the specimen, this predicts a 5dB loss of amplitude between the notch and sensors 1 & 2.
The average wavespeed for the First Threshold Crossing (FTC) for 20mm thick plate was calculated at 4700 m/s. Figure 5 shows accurately located PLF's performed at each of the load points and the notch, load point 1 does not appear as it is located outside the sensor array. The load points have been considered as they provide a potential source of AE during loading. The TOA linear location algorithm [5] assumes events to occur along the same axis as the sensors. In this case the load points are located above and below this line. Due to the algorithm the physical and plotted x-axis location will be dissimilar. Location zones have been calculated for events arising from the load points and the notch, and error boundaries of + or -the diameter of the sensor have been considered. The 4 zones present in the array (notch, LP2, LP3 and LP4) are shown in Figure 5 and Table 1 . These zones have been used to identify the source of AE signals. shows an example plot of cumulative events located in the notch zone (0.124m to 0.176m) and crack length measured by the foil gauge against time. No activity was recorded at this location prior to the onset of cracking but AE events were recorded just before the crack was detected by the crack gauge. An increase in rate of events as the crack length increases is displayed, this may be due to source mechanisms such as crack face rubbing becoming more prominent. The located events closely follow the trends of the crack growth throughout the test, suggesting that AE collected is linked directly to the crack activity. Linear Location. Figure 7 shows an example plot of amplitude against linear location. A high intensity of events located at the notch indicates the crack growth. Combining this information with that shown in the time plot in Figure 6 , it is evident that the AE located in the notch zone emanates from active source mechanisms within the crack, such as crack propagation and crack face rubbing etc. This AE can be used to identify AE characteristics associated with fatigue crack growth. Once identified, the events can be investigated and categorised by such parameters as amplitude, absolute energy, duration, risetime and counts (In the Physical Acoustics software, Absolute energy is defined as the integral of the squared voltage signal divided by the reference resistance (10kΩ) over the duration of the AE waveform packet, and is different to energy, which is defined as the MARSE energy, i.e. the measured area under the rectified signal envelope). It is evident that, in the presence of AE emanating from loading points, amplitude alone is not an adequate parameter to allow source identification and that further analysis of the waveforms is required, together with a consideration of the crack mechanism. The intense AE located at the notch, Figure 7 , is present for all specimens tested; however AE events located at the load points (LP2, LP3 and LP4) are significantly different for each specimen. This is due to the active AE source mechanisms at these locations being different for each test. Suspected AE mechanisms at the load point include movement of the roller on the surface of the specimen (either rotation or sliding) and, more prominently, cracking and metal deformation of both the specimen and the roller. Several of these mechanisms may be present at the same time. Visible evidence of damage to the rollers is shown in Figure 8 . Figure 7 also indicates AE events located between sensors 3 and 4. Though it is important to identify the source of these AE events, they have been disregarded in this paper, as the focus of this investigation is to identify AE from the crack growth. These events are located outside of the area of interest. Sources of AE located in this area include reflections and mis-location due to the limitations of TOA algorithm. Figure 9 displays AE feature data from the notch zone for one of the specimens (Spec 1). The trends displayed are common to all notch zones from all of the specimens tested and match AE data from the CT specimens. Absolute energy, duration, risetime and counts are plotted against amplitude with number of events being shown with greyscale intensity. Absolute energy shows a strong linear relationship with amplitude as expected. Duration displays a rising relationship with amplitude. 98 % of the events recorded in the notch zone have a risetime of less than 100 µs. Finally, counts display a rising relationship with amplitude. Hit Overlap. Figure 11 shows a single hit recorded during test, however it is obvious that this hit contains two distinctly separate waveforms caused by the software recording two overlapping waveforms. The amplitude and delay between the two waveforms confirms that they are separate events. A hit of this nature would vastly affect the AE feature data recorded, a high absolute energy and a long risetime. Without careful consideration and analysis of the waveform, this type of occurrence may go undetected. This type of hit made up less than 1% of the data collected and therefore had little effect on the data collected, however changes to the data collection method will in the future reduce the chance of this error. 
AE Source Categorisation.

Conclusions
The research has shown detection and location of fatigue crack growth in aerospace grade steel SENB4 specimens using appropriate AE techniques to be possible. Time of arrival (TOA) linear location has provided a invaluable tool for separating fatigue crack growth AE from the notch apart from AE from load points. Analysis of the AE feature data from the notch has allowed initial categorisation of AE from fatigue crack growth in aerospace grade steel. AE data from this research was found to correspond with that reported in previous studies [1] examining Compact Tension (CT) specimens.
The work covered by this research has provided encouraging results, however further investigation is needed to further the main aim of producing a 'health' monitoring system for Messier-Dowty landing gear qualification tests. Though the size of these specimens enabled the crack growth to be monitored with a linear array of sensors, the type of loading was not ideal. The line contacts between the rollers and the specimen provided very active sources of AE. Deformation of the rollers and the specimens at these points resulted in AE source mechanisms similar to that being monitored at the notch. It was possible to monitor the AE from this more complex source mechanism, a combination of roller movement and deformation, even though it was unwanted information. Fortunately, using TOA linear location it was possible to filter out much of this unwanted data. It should be noted that during fatigue testing of complete components these mechanisms will not be present.
